The proprotein precursors of storage proteins are post-translationally processed to produce their respective mature forms within the protein storage vacuoles of maturing seeds. To investigate the processing mechanism in vivo, we isolated Arabidopsis mutants that accumulate detectable amounts of the precursors of the storage proteins, 12S globulins and 2S albumins, in their seeds. All six mutants isolated have a defect in the βVPE gene. VPE (vacuolar processing enzyme) is a cysteine proteinase with substrate specificity towards an asparagine residue. We further generated various mutants lacking different VPE isoforms: αVPE, βVPE, and/or γVPE. More than 90% of VPE activity is abolished in the βvpe-3 seeds, and no VPE activity is detected in the αvpe-1/βvpe-3/γvpe-1 seeds. The triple mutant seeds accumulate no properly processed mature storage proteins. Instead, large amounts of storage protein precursors are found in the seeds of this mutant. In contrast to βvpe-3 seeds, which accumulate both precursors and mature storage proteins, the other single (αvpe-1 and γvpe-1) and double (αvpe-1/γvpe-1) mutants accumulate no precursors in their seeds at all. Therefore, the vegetative VPEs, αVPE and γVPE, are not necessary for precursor processing in the presence of βVPE, but partly compensates for the deficiency in βVPE in βvpe-3 seeds. In the absence of functional VPEs, a proportion of pro2S albumin molecules are alternatively cleaved by aspartic proteinase (AP). This cleavage by AP is promoted by the initial processing of pro2S albumins by VPE. Our overall results suggest that seed-type βVPE is most essential for the processing of storage proteins, and that the vegetative-type VPEs and AP complement βVPE activity in this processing.
INTRODUCTION
In higher plants, seed storage proteins are deposited in protein storage vacuoles (PSVs) as a source of nitrogen for growth after seed germination (1) . During seed maturation, storage proteins are synthesized on the rough endoplasmic reticulum (ER) as proprotein precursors and are then transported into PSVs by a vesicle-mediated pathway (2) . Upon arrival at the vacuoles, the proproteins are converted into their respective mature forms by limited proteolysis at specific sites. The conversion of each storage protein is known to occur at the C-terminal side of an asparagine residue in the proprotein, suggesting a single type of proteinase that has substrate specificity towards an asparagine residue is responsible for the processing of storage protein precursors (3, 4) .
Previously, we identified an enzyme responsible for the maturation of various storage proteins and designated it "vacuolar processing enzyme (VPE)" (5, 6) . In vitro processing assays using purified VPE and seed protein precursors showed that VPE is capable of processing several seed proteins, including the 2S albumins and 11S globulins, of the pumpkin and castor bean (5, 7) . VPEs exhibit substrate specificity towards an asparagine residue, the amino acid well conserved at the P1 position in the processing sites of storage protein precursors in many plant species. Therefore, we proposed that the VPE-mediated processing system plays a central role in the maturation of various seed proteins in PSVs (3, 4) .
VPEs belong to a novel family of cysteine proteinases (C13; EC 3.4.22.34) (8) . VPE homologs are found in various organisms, including plants (4, 9) , mice (10, 11) , humans (12) , and the protozoan, Schistosoma mansoni (13) . Plant VPE homologs are separated into two 4 or δVPE gene was disrupted by the insertion of a transposon. Surprisingly, most 12S globulin and 2S albumin proteins are processed normally in βvpe seeds and only a small proportion of the storage proteins remain as unprocessed or partially processed forms. In the δvpe seeds, no detectable change was observed in the processing of storage proteins. On the basis of these results, Gruis et al. (18) suggested that other proteinase(s) are also involved in the processing of storage proteins in Arabidopsis.
Arabidopsis seeds contain two types of storage proteins, four 12S globulins (also referred to as "cruciferins") and five 2S albumins (also called "napins"). Proglobulins are cleaved at an Asn-Gly site to produce α-and β-subunits, which are linked by a disulfide bond (19) . This processing site is conserved among all four known 12S globulins. The processing of the 2S albumins is more complex than that of the 12S globulins. Mature 2S albumins are also composed of two subunits, small and large, which are linked by disulfide bonds (20) .
During the maturation of the 2S albumins, the pro2S albumins are cleaved at no less than four sites, resulting in the removal of three propeptide regions: the N-terminal processed fragment (ATPF), the internal processed fragment (IPF), and the C-terminal processed fragment (CTPF).
The mechanisms for processing storage proteins have been studied mainly with biochemical analyses in vitro. So far, to our knowledge, no forward genetic approach has been taken to identify factor(s) involved in the processing of seed storage proteins in PSVs.
We undertook a genetic analysis of the genes responsible for this processing in Arabidopsis.
Six mutants that abnormally accumulate storage protein precursors were isolated by screening about 28,000 lines. All six mutants had a defect in the βVPE gene, indicating that βVPE is involved in the processing of storage proteins. Unexpectedly, we found that the vegetative-5 and Col-6) and Wassilewskija-2 (Ws-2) were used as wild-type plants. Seeds of Arabidopsis were surface-sterilized and then sown on soil or onto 0.5% Gellan Gum (Wako, Tokyo, Japan) that contained 1% sucrose and Murasige-Skoog's medium and were grown at 22 °C under continuous light.
Isolation of Arabidopsis Mutants that Accumulated Precursors of 12S Globulins and 2S
Albumins -We screened Arabidopsis T-DNA tagged lines of three different populations. One contained 2,700 lines (Col-0) that we prepared with Ti plasmid pBI121 containing several different insertions. The other two were K. Feldmann's lines (CS6501, Ws-2, 6,500 lines) and T. Jack's lines (CS31087, Col-6, 11,300 lines). Dry seeds (1 mg) from the mixture of [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] lines were subjected to SDS-PAGE and then to immunoblot with anti-12S globulin and anti-2S albumin to detect the storage protein precursors. We isolated the following six mutants accumulating the precursors. βvpe-1was isolated from our T-DNA lines. βvpe-2 (CS13124), βvpe-3 (CS13632) and βvpe-4 (CS12327) were isolated from Feldmann's lines. βvpe-5 (CS30066) and βvpe-6 (CS30359) were isolated from Jack's lines.
Preparation of Antibodies -A cDNA encoding the region of βVPE (amino acids 76-213) was inserted into pET32 (Novagen, Madison, WI) and E. coli BL-21 (DE3) cells were transformed with the plasmid. A cDNA encoding a preproprotein precursor of 2S albumin (At2S2) of Arabidopsis was inserted into pET32 (Novagen, Madison, WI) and E. coli BL-21 (DE3) cells were transformed with the plasmid. The His-tagged proteins were purified with a HiTrap chelating column. The purified proteins were used for production of specific antibodies against βVPE or 2S albumin by the previously described method (21) . Each of the purified protein (1 mg) in 1 ml of PBS was emulsified with an equal volume of Freund's complete adjuvant. Alternatively, dry seeds of Arabidopsis were subjected to SDS-PAGE and subsequent CBB staining. The protein bands corresponding to α subunit and β subunit of 12S globulin were cut out from the gel and emulsed with complete Freund's adjuvant. Each emulsion was injected subcutaneously into a rabbit. After 3 weeks, two booster injections with incomplete adjuvant were given at 7-day intervals. One week after the booster injection, 6 blood was drawn and the antiserum was prepared. The antibodies prepared against βVPE were purified using a Mab TrapTM G II column (Amersham Pharmacia Biotech, Tokyo, Japan).
SDS-PAGE and Immunoblot
Analysis -Dry seeds of wild-types or mutants were homogenized in a sample buffer containing 50 mM Tris-HCl (pH 8.8), 1% SDS, 5% 2-mercaptoethanol and 10% glycerol. The homogenates were heated at 95 °C for 5 min and then centrifuged at 15,000 rpm for 10 min. The supernatants were subjected to SDS-PAGE followed by blotting to a GVHP filter (0.22 µm; Nihon Millipore, Tokyo, Japan) in a semidryelectroblotting system. The blots were incubated with 3% (W/V) skim milk in 50 mM TrisHCl (pH 7.5), 0.15 M NaCl and 0.05% (W/W) Tween 20, and then incubated with antibodies against each of 2S albumin (diluted 10,000-fold), 12S globulin (diluted 50,000-fold) and βVPE (diluted 5,000-fold) in the same buffer for 1 h. Horseradish peroxidase-conjugated donkey antibodies against rabbit IgG (diluted 5,000-fold; Amersham Pharmacia Biotech) were used as second antibodies. Signals were detected with an ECL kit (Amersham Pharmacia Biotech).
N-terminal Sequencing and Treatment with Pyroglutamate Aminopeptidase -Proteins
that were separated on the blots with CBB staining were subjected to automatic Edman degradation on a gas-phase sequence analyzer (model 477; Applied Biosystems, Foster City, CA). In the case of 51-kDa protein found in seeds of bvpe-3, the blot was treated with 0.1 µg pyroglutamate aminopeptidase (Takara, Kyoto, Japan) in 50 mM Na-phosphate (pH 7.0), 10 mM dithiothreitol and 1mM EDTA for 6 h at 70 °C. After washing with water, the blot was applied to the sequence analyzer. 7 CTGATGCTGACACACTTAGC-3'. Nucleotide sequences of these fragments were determined with a DNA sequencer (model 310, Applied Biosystems) using specific primers for βVPE gene and Bigdye terminater kit (Applied Biosystems). αvpe-1 had a T-DNA insertion at the first exon. βvpe-7 had a T-DNA insertion at the first intron. αvpe-2 and βvpe-8 had a T-DNA insertion at the promoter region of each gene. was isolated. γvpe-1 had a T-DNA insertion at the third exon. To check the genotypes, we used specific primers, γVPE-FW, 5'-AGTGGGAAGGTTGTGGATAG-3' and γVPE-RV, 5'-CTTTTCCCAAAAATGAACAAG-3'. with the genome DNA and primers; βVPE-scrF, 5'-TTCTCGCTGCCATGGCTAAG-3', and B3-dCAP, 5'-TAATCAATTCGTTGGACACTATGTGAAGCT-3'. The PCR product was digested with HindIII. The amplified DNA fragment from genome DNA containing βvpe-3 allele was sensitive to HindIII, while the amplified DNA fragment from genome DNA containing wild-type βVPE allele was resistant.
Isolation of αVPE

Generation of Double and Triple Mutants of VPEs
Assay of VPE Activity -VPE activity was measured essentially as described previously (22) . We used a fluorescent VPE-specific substrate, Ac-AAN-MCA [Acetyl-Glutamyl-SerylGlutamyl-Asparagine α-(4-Metyl-Coumaryl-7-Amide); Peptide Institute, Inc., Osaka, Japan].
The crude enzyme prepared from dry seeds was incubated with 100 µM Ac-AAN-MCA in an acidic buffer (100 mM Na-acetate, pH 5.5, and 100 mM dithiothreitol) for 2 h at 20 °C. The fluorescence intensity was measured using GENios (TECAN Japan, Tokyo, Japan). The fluorescence was monitored under an excitation wavelength, 380 nm and an emission wavelength, 460 nm.
Measurement of Aspartic Protease Activity by Capillary Electrophoresis -We
chemically synthesized two peptides, PSLDDEFDLEDDIENPQGPQ for At2S2 and PSLDDEFDFEGPQ for At2S3, and used them as the substrates. These sequences were derived from the sequences around IPF of 2S albumins. The reaction mixture contained 6.0 nmol of each peptide and the crude extract from dry seeds with or without 30 mM pepstatin A in 5 µl of 20 mM Na-acetate (pH 3.0) and 1mM EDTA. The reactions were allowed to 9 proceed for 9 h at 37 ˚C and the products of the reaction were subjected to analytical capillary electrophoresis (HP 3D , Hewlett-Packard GmbH, Germany) at 30 °C and 20 kV in 10 mM Naborate buffer (pH 9.0). Electrophoresis was monitored in terms of absorbance at 200 nm.
Light Microscopic Analysis -Dry seeds from wild-type (WT; Ws-2) and the mutant (αvpe-1/βvpe-3/γvpe-1) plants were vacuum-infiltrated for 1 h with a fixative that consisted of 4% paraformaldehyde, 1% glutaraldehyde, and 0.06 M sucrose in 0.05 M Na-cacodylate buffer (pH 7.4). The tissues were then cut into slices of less than 1 mm in thickness with a razor blade and subjected to fixation, dehydration and embedding by the previously described method (6) . Thin sections were cut on a microtome and were stained with toluidine blue and were inspected with a light microscope (Axioplan 2 imaging, Carl Zeiss, Jena, Germany).
Images were acquired by a color charge-coupled device camera (DXM1200, Nikon, Tokyo, Japan).
RESULTS
Abnormal Accumulation of Storage Protein Precursors Is Caused by a Defect in the
β β β βVPE Gene in Arabidopsis Seeds -We screened about 28,000 T-DNA-tagged lines of Arabidopsis to isolate mutants with a defect in the maturation of seed storage proteins. Dry seeds of these lines were subjected to immunoblot analysis with antibodies directed against a major storage protein, either 2S albumin or 12S globulin. We selected six mutant lines that accumulated abnormal larger forms of storage proteins in the dry seeds.
Previously, we reported that storage protein precursors are converted into the respective mature forms by the action of seed-type VPE (3). Therefore, the accumulation of larger forms of storage proteins might be caused by a defect in the maturation machinery, such as in βVPE.
To clarify whether βVPE is present in the mutant seeds, we used immunoblot analysis with anti-βVPE antibodies. Two βVPE bands of 27 and 37 kDa were detected on a blot of proteins from the dry seeds of wild-type (Col-0 and Ws-2) (Fig. 1A) . In contrast, neither of these 10 bands was detected in the seeds of any isolated mutant, indicating that functional βVPE is lacking in these mutants (Fig. 1A) .
Four mutants have a mutation in the βVPE gene, as shown in Fig. 1B . A complementation test showed that all six mutants have a defect at the same locus. Therefore, they were designated βvpe-1 to βvpe-6. Interestingly, all the mutations appear in the region containing the first exon and the first intron of the βVPE gene. βvpe-2 has a nonsense mutation (AAG for Lys-3 to TAG stop codon). A GA insertion in the first exon causes a frame-shift in βvpe-5. It appears that no functional βVPE polypeptide is produced in βvpe-2 or βvpe-5, consistent with the result of immunoblot analysis. The two mutants, βvpe-3 and βvpe-4, have the same transversion mutation, which causes an amino acid substitution (CAG for Gln-68 to AAG for Lys). βvpe-3 and βvpe-4 also lack the two βVPE bands of 27 kDa and 37 kDa on immunoblotting. Gln-68 in βVPE is highly conserved in the VPE family, suggesting that this residue is important for the protein's stability. Using reversed genetics, we also isolated two T-DNA-tagged mutants, βvpe-7 and βvpe-8. βvpe-7 has a T-DNA insertion in the first intron and βvpe-8 has an insertion in the promoter region. They also fail to produce the two βVPE bands on immunoblots (data not shown).
Proper Processing of Storage Protein Precursors Is Partially Abolished in β β β βvpe-3
Seeds - Fig. 2A shows a comparison of seed storage protein profiles of wild-type (Ws-2) and βvpe-3 seeds on an SDS gel with CBB staining. The wild-type seeds accumulated the α-and β-subunits of the 12S globulins and the large and small subunits of the 2S albumins ( Fig. 2A,   WT ). In contrast, the βvpe-3 seeds abnormally accumulated 15-, 16-, 49-, 51-, and 54-kDa proteins in addition to the normal mature proteins ( Fig. 2A, βvpe-3 ). The seeds of the other βvpe mutants also exhibited similar protein profiles (data not shown), although βvpe-2, βvpe-3, and βvpe-4 with Ws-2 background accumulated a larger amount of the abnormal forms than βvpe-1, βvpe-5, and βvpe-6 with Col. background.
The N-terminal amino acid sequences of the additional proteins accumulated in the βvpe-11 respectively. A typical proprotein precursor of 2S albumin, pro2S albumin, is composed of an N-terminal processed fragment (ATPF), a small subunit followed by an internal processed fragment (IPF), and a large subunit. One of the 16-kDa proteins was determined to be an abnormally processed precursor of At2S3. Processing occurred at the peptide bond between
Phe and Glu, which is inconsistent with the substrate specificity of VPE (Fig. 2B) . The 15-kDa protein was a precursor of At2S3 after the successful removal of the ATPF by cleavage of the peptide bond between Asn and Pro, which is consistent with the substrate specificity of VPE (Fig. 2B) . Another 16-kDa protein was also a precursor of At2S4 after the successful removal of the ATPF by cleavage of the peptide bond between Asn and Pro (Fig. 2B) . These results suggest that the βvpe-3 seeds accumulate several 2S albumin precursor forms with no ATPF. Another enzyme(s) with the same substrate specificity as βVPE might be involved in the removal of the ATPFs.
The N-terminal sequences of the 49-, 51-, and 54-kDa proteins are consistent with the sequences immediately following the co-translational cleavage sites of the signal peptides of the 12S globulins, At12S2, At12S4, and At12S, respectively (Fig. 2B) . On the basis of their molecular masses, these proteins are the proprotein precursors of the 12S globulins. This result indicates that the proper processing of the precursors of 12S globulins is abolished in the βvpe-3 seeds.
In contrast to the accumulation of some precursor forms of the 2S albumins and 12S
globulins, large amounts of storage proteins accumulated as the mature forms in the βvpe-3
seeds. This raises the question of whether the mature forms of the 12S globulins were produced by processing at the proper site between Asn and Gly in the βvpe-3 seeds. To answer this, we determined the N-terminal sequences of the 21-and 22-kDa β-subunits of the 12S globulins of wild-type and βvpe-3 seeds. The sequences of the β-subunits of the βvpe-3
12S globulins correspond to those of the normally processed β-subunits of the wild-type 12S globulins (Fig. 2B) . These results suggest that another enzyme(s) with the same substrate specificity as βVPE is involved in the processing of storage protein precursors.
Vegetative-type VPEs, α α α αVPE and γ γ γ γVPE, are also Involved in the Processing of Seed Storage Protein Precursors -The above results imply that vegetative VPEs are cooperatively involved in the processing of storage protein precursors together with seed-type βVPE. To investigate this possibility, we isolated the αvpe and γvpe mutants from a large population of T-DNA-tagged lines of Arabidopsis. The αvpe-1 mutant has a single T-DNA insertion in the first exon of the αVPE gene on chromosome 2 (Fig. 3, A and B) . The γvpe-1 mutant has tandem T-DNA insertions in the third exon of the γVPE gene on chromosome 4 (Fig. 3, A and 
B).
To determine the effects of these T-DNA insertions on the expression of the αVPE and γVPE genes, we prepared mRNAs from the mutant plants and subjected them to RT-PCR and northern blot analysis. Previously, we showed that the αVPE and γVPE genes are up-regulated in senescent leaves. Therefore, we used senescent leaves for mRNA preparations. Wild-type plants accumulated αVPE and γVPE mRNAs in senescent leaves (Fig. 3, C, WT) . On the other hand, αvpe-1 accumulated no αVPE mRNA and γvpe-1 accumulated no γVPE mRNA (Fig. 3 , C, αvpe-1 and γvpe-1). These results indicate that both αvpe-1 and γvpe-1are null mutants that are unable to produce the respective products.
We further generated double and triple mutants based on the single mutants, βvpe-3, αvpe-1, and γvpe-1. To clarify the deficiency in functional VPE protein, we measured VPE activity in these mutant seeds, using a fluorescent substrate, Ac-Ala-Ala-Asn-MCA. Fig. 4 shows that the VPE activity detected was very low in seeds of the single mutant βvpe-3 and in the two double mutants, αvpe-1/βvpe-3 and γvpe-1/βvpe-3. VPE activity was not detected at all in seeds of the triple mutant, αvpe-1/βvpe-3/γvpe-1. These results indicate that both αVPE and γVPE are responsible for a small part of the VPE activity in seeds, whereas βVPE is responsible for a major part of VPE activity.
To address the question of whether αVPE and γVPE are involved in processing storage protein precursors, we investigated the storage proteins that accumulate in the seeds of each mutant. Fig. 5 shows that no detectable 12S globulin or 2S albumin precursors accumulated in the seeds of the single mutants, αvpe-1 (lane 3) and γvpe-1 (lane 5), or of the double mutant αvpe-1/γvpe-1 (lane 6). This result clearly indicates that both αVPE and γVPE are unnecessary in the presence of βVPE. The protein profile of the triple mutant seeds was quite different from that of wild-type seeds. We examined the morphology of the PSVs of the mutant seeds. 
Mechanism of Proteolytic Processing of Storage Protein Precursors in the Absence of
Functional VPEs -We have shown that storage protein precursors are abnormally processed in the absence of functional VPEs. The question arises: what mechanism is involved in this abnormal processing? To answer this, all proteins accumulated in the seeds of the triple mutant, αvpe-1/βvpe-3/γvpe-1, were subjected to SDS-PAGE and blotted onto a membrane filter (Fig. 7A) . The membrane was stained with CBB and cut into 21 pieces, each of which was subjected to N-terminal sequence analysis.
We did not detect the mature 12S globulins that are produced by cleavage of the Asn-Gly bond at the authentic cleavage site. Although most 12S globulin-related proteins occurred as proprotein precursors, we detected four polypeptides (bands 7, 10, 13, and 16) derived from the 12S globulins. Bands 7 and 10 correspond to β-subunit-like polypeptides produced by polypeptides produced by abnormal cleavage near the authentic cleavage site (Fig. 7B ), indicating that they lack most parts of the β-subunit. This result suggests that, when VPEs are lacking, some proglobulins are processed at alternative sites near the proper VPE processing site.
In contrast to the extensive accumulation of proglobulins, pro2S albumins rarely accumulated in the seeds of the triple mutant. We detected 2S albumin derivatives with various molecular masses. Sequence analysis of these proteins showed that the abnormally accumulated proteins were cleaved at the Phe-Glu bond or the Phe-Asp bond in the ATPF and the Phe-Asp bond in the IPF (Fig. 7B ). These findings indicate that a deficiency in VPE activity produces alternatively processed 2S albumins. Therefore, another proteinase cleaving the Phe-Glu bond or the Phe-Asp bond must be present in the seeds. It should be noted that At2S3, which lacks the conserved Asn-Pro bond, was converted into the mature protein by cleavage of the Phe-Asp bond in the IPF in wild-type seeds (Fig. 7B) . VPEs have no ability to cleave such peptide bonds. Therefore, another proteinase responsible for the alternative processing of pro2S albumins in the absence of VPEs might function in the processing of the At2S3 precursor. 
Involvement of Aspartic Proteinase in Processing 2S Albumin Precursors
Initial Processing by VPE Promotes Subsequent Cleavage by Aspartic Proteinase -The
Phe-Asp bond cleaved by AP is conserved in the IPFs of the pro2S albumins (Fig. 9A ). It appears that AP, together with VPE, is involved in the processing of the pro2S albumins. This implies that AP might compensate for the deficiency in VPEs in the vpe mutants.
Unexpectedly, however, the non-processed forms of the 2S albumins, At2S3 and At2S4, accumulate in the seeds of the βvpe mutant (Fig. 2) and the triple mutant, αvpe-1/βvpe-3/γvpe-1 (Fig. 7) . The processing of pro2S albumins was partially abolished in the absence of
VPEs. This finding clearly indicates that VPE activity is required for the efficient cleavage of the Phe-Asp bond of the 2S albumins. The initial processing of the pro2S albumins by VPE might promote their subsequent cleavage by AP.
The At2S3 proprotein precursor lacks the Asn-Pro bond at the VPE-cleavage site that is conserved in the other 2S albumins, but contains the Phe-Asp bond at the conserved APcleavage site (Fig. 9A ). This implies that AP mediates the processing of the At2S3 precursor in a VPE-independent manner. However, the non-processed form of At2S3 was also detected in the absence of βVPE (Figs. 2 and 7 ). This finding indicates that βVPE plays some role in the conversion of the At2S3 precursor into the respective subunits. To clarify the involvement of βVPE, we investigated the processing of the At2S3 precursor during seed maturation. We determined the N-terminal sequences of the At2S3-related proteins that accumulated in the maturing seeds of wild-type and βvpe-3 plants at different stages, to verify the cleavage sites around the IPF of the At2S3 precursor (Fig. 9B) . In the maturing wild-type seeds, the At2S3 precursor was first cleaved at the Asp-Asp bond and then cleaved at the Phe-Asp bond. On the other hand, in the maturing βvpe-3 seeds, the At2S3 precursor was cleaved at the Phe-Asp bond, but not at the Asp-Asp bond. These results indicate that βVPE is involved in the initial cleavage at the Asp-Asp bond. This is consistent with our previous finding that Arabidopsis VPEs have the ability to cleave the peptide bond on the C-terminal side of not only Asn residues, but also Asp residues. Failure of the initial cleavage might abolish the subsequent cleavage by AP. Consistent with this, the AP-processed form of At2S3 was not detected in the early stages of maturation in βvpe-3 seeds. The efficiency of AP cleavage was reduced in the absence of βVPE.
DISCUSSION
Our results clearly indicate that VPEs are involved in the processing of storage proteins in maturing Arabidopsis seeds. Previously, we showed that the purified VPE from the castor bean processes the proprotein precursors of the storage proteins, 11S globulin and 2S
albumins, to produce the respective mature forms (5,7). Taken together, these results from in vivo and in vitro analyses demonstrate that VPEs function as processing enzymes in the maturation of storage proteins. In Arabidopsis, three VPEs-αVPE, βVPE, and γVPE-are cooperatively involved in the processing of storage proteins. Of the three, βVPE is the enzyme most essential for this processing. This is in agreement with the finding that all the isolated mutants that accumulate storage protein precursors in their seeds have a defect in the βVPE gene.
Previously, we showed that αVPE and γVPE are up-regulated in the lytic vacuoles of vegetative tissues during senescence and under various stress conditions (17) . These vegetative-type VPEs were found to function in maturing seeds. Hoh et al. (25) reported that young pea seeds have vegetative vacuoles, which are finally engulfed by PSVs during seed maturation. This indicates that the vegetative-type VPEs remain in the PSVs of maturing seeds. Actually, dry seeds show a low level of vegetative VPE activity in contrast to the high level of βVPE activity. Such vegetative-type VPEs might compensate for the reduction in VPE activity in βvpe seeds, although they might not act in the presence of βVPE. A fourth Arabidopsis VPE, δVPE, was recently shown to be expressed in the maturing seeds at an early stage (18) . Because the processing of storage proteins is completely abolished in the triple mutant, δVPE seems to play no role in this processing. It is possible that δVPE is expressed in tissues other than those that accumulate storage proteins, or is present at subcellular locations other than the vacuoles.
VPEs cleave the Asn-Gly bond of a proglobulin molecule to produce an α-subunit and a β-subunit, which are linked by a disulfide bond. The VPE-mediated processing activity is so high that storage protein precursors are barely detected in maturing wild-type seeds. In contrast, in the mutant αvpe-1/βvpe-3/γvpe-1 seeds, mature 12S globulins were detected.
Instead, a small proportion of 12S globulin molecules are cleaved at the Glu-Glu bond or the Asp-Pro bond, close to the normal processing site, to produce two subunits. The abnormal cleavage activity was so low that most 12S globulin molecules accumulated as precursor forms in the mutant seeds. Such abnormally cleaved forms were not detected in the wild-type seeds. The abnormal cleavage in the mutant seeds suggests that the regions around the processing sites are exposed and vulnerable to attack by proteolytic enzymes, not only VPEs but also other proteolytic enzymes
VPEs also cleave the Asn-Pro bonds of another major storage protein, 2S albumin (except At2S3), to produce a small subunit and a large subunit, linked by a disulfide bond (20) .
Similarly, in mutant αvpe-1/βvpe-3/γvpe-1 seeds, a proportion of the 2S albumin molecules are cleaved at the Phe-Asp/Glu bond in the IPF to produce two subunits by the action of AP.
However, most of the pro2S albumin molecules accumulate as precursors in the mutant seeds and AP-cleaved forms are not detected in the maturing wild-type seeds. These results indicate that AP activity is not high enough to cleave all the 2S albumin precursor molecules. AP might be responsible for trimming the subunits previously produced, to release the linker peptide, rather than for converting the precursors into two subunits. Fig. 10 shows the dual cassette model for the processing of 2S albumins in Arabidopsis.
The amino acid sequences around the ATPF and IPF of the 2S albumins (except At2S3) are similar. We found that each sequence has a dual processing cassette: the VPE cassette containing Asn-Pro and the AP cassette containing Phe-Asp/Glu. Our results suggest that the VPE cassette functions in the primary processing of the pro2S albumins to produce the two subunits and the AP cassette functions in trimming the subunits. It is possible that VPE cleavage causes a conformational change in the 2S albumins to make them susceptible to subsequent cleavage by AP. This is in agreement with the fact that all mutants isolated in this study have a defect in the βVPE gene, but not in the AP gene. Previously, we reported that VPE and AP increase during seed maturation and decrease after seed germination at both the protein and activity levels (24, 26) . This report confirms that these two enzymes cooperate in the processing of storage proteins.
The 2S albumin, At2S3, is exceptional in having no Asn-Pro bond to be cleaved by VPE.
Interestingly, the At2S3 precursor is subjected to stepwise processing during seed maturation.
The Asp-Asp bond in the IPF is first cleaved by VPE to produce two subunits and then the three N-terminal amino acids of the large subunit are removed by cleavage of the Phe-Asp bond by AP. Originally, VPE was considered to be an asparaginyl endopeptidase. However, we recently found that Arabidopsis VPE can also cleave at the C-terminal side of aspartic acid 
